Mature seeds of both the high-starch sex1 mutant and the almost starchless pgm mutant of Arabidopsis have 30-40% less lipid than seeds of wild-type plants. We show that this is a maternal effect, and is not attributable to the defects in starch 
INTRODUCTION
Developing embryos of Arabidopsis thaliana and oilseed rape (Brassica napus), initially accumulate starch, but then starch levels decline as the rates of storage lipid and protein synthesis increase (Hills, 2004; Andriotis et al., 2010c) . Starch is undetectable at maturity whereas lipids account for up to 45% of the seed weight (O'Neill et al., 2003; Andriotis et al., 2010a) .
Starch turnover during oilseed embryo development may be important in determining the final lipid content of the seed (Norton and Harris, 1975; da Silva et al., 1997) . Although starch accumulation in embryos of both Arabidopsis and oilseed rape is small compared with the final lipid content of the seed, at the point of maximum starch content this reserve constitutes a significant fraction of embryo weight and represents a major fate for carbon entering the embryo (Kang and Rawsthorne, 1994; Eastmond and Rawsthorne, 2000; Andriotis et al., 2010c) .
Mutations that affect starch metabolism throughout the Arabidopsis plant, including the embryo, can bring about substantial reductions in seed lipid content at maturity.
Mature seeds of the almost starchless mutant pgm1 (lacking plastidial phosphoglucomutase) contain up to 40% less lipid than wild-type seeds (Periappuram et al., 2000) . Mature seeds of the starch-degradation mutant sex1 (lacking glucan, water dikinase GWD1; Yu et al., 2001 ) have ten times more starch than wild-type seeds, and about 30% less lipid (Andriotis et al., 2010c) .
Although these observations suggest a direct relationship between starch metabolism and lipid accumulation in the embryo, other evidence is not consistent with this view. For both Arabidopsis and oilseed rape seeds, there are examples of specific disruptions of embryo starch metabolism that have no effect on the final lipid content of the seed. In Arabidopsis, loss of sucrose synthases SUS2 and SUS3 reduced peak levels of starch during embryo development by more than half and accelerated the accumulation of fatty acids, but the final lipid content of the seed was normal (Barratt et al., 2009; Angeles-Núñez and Tiessen, 2010) . In oilseed rape, an embryo-specific reduction of 50% in activity of the starch biosynthetic enzyme ADPglucose pyrophosphorylase (AGPase) reduced starch levels at 25-30 days after 6
RESULTS

Embryo-specific Down-regulation of PGM1 Expression Does Not Affect the Lipid Content of Mature Seeds
To achieve an embryo-specific reduction in starch content, antisense RNA for PGM1 (At5g51820) was expressed on the B. napus oleosin embryo-specific BN-III promoter (P oleosin ; Keddie et al., 1994) . PGM1 transcript levels are high early during embryogenesis (early torpedo stage) and peak at walking-stick stage [data from www.genevestigator.com (Zimmermann et al., 2004) ; Supplemental Fig. S1A ). In order to determine the earliest time point during embryogenesis at which the oleosin promoter is active we expressed a translational fusion between P oleosin and uidA 1D ). Thus, the P oleosin promoter is active during the same period as PGM1 is expressed.
Several independent homozygous lines expressing PGM1 antisense constructs displayed wild-type rates of growth, phenology and vegetative and reproductive morphology (not shown). Starch accumulation in leaves was like that of wild-type plants (Supplemental Fig. 2A ). Native PAGE followed by specific in-gel activity staining revealed three bands of PGM activity in extracts of wild-type leaves. The fastest migrating band was missing from extracts of pgm1 mutants, thus this band corresponds to the plastidial isoform of PGM (Supplemental Fig. 2B ). All three bands were present in extracts of leaves of P oleosin ::asPGM1 transgenic plants, at similar intensity to wild-type plants. We examined phosphoglucose isomerase (PGI) as a control: two bands of activity were detected from all plants (Supplemental Fig.   2B ). Thus the specificity of the P oleosin promoter is retained in the transgenic plants 7 and interpretation of any seed phenotypes is unlikely to be complicated by alterations in PGM activity and primary carbohydrate metabolism in other parts of the plant.
To assess the effect of down-regulation of PGM1 on plastidial PGM activity, embryos were isolated at 10-12 days after flowering (DAF), the point at which starch content is maximum and embryo PGM activity peaks (Baud and Graham, 2006; Andriotis et al., 2010c) . The activity of the plastidial isoform was much lower in embryos of two independent P oleosin ::asPGM1 lines than in wild-type embryos.
No effect of the transgene was observed on the activity of the PGI isoforms (Fig.   1A ).
The starch contents of pgm1 embryos at 10-12 DAF were close to the detection limit of the assay. Embryos from P oleosin ::asPGM1 plants had 15% to 33% of the starch content of wild-type embryos (Table I) and stained with iodine only in a zone above the radicle tip ( Embryo-specific reduction of PGM1 activity resulted in reduced rates of lipid accumulation during embryo development. At 10-12 DAF, the total fatty acid content of developing seeds from P oleosin ::asPGM1 transgenic plants was up to 50% lower than that of wild-type plants. However, the rate of fatty acid accumulation increased as development progressed (Fig. 1C ) so that the total lipid content of mature seed from P oleosin ::asPGM1 transgenic plants was only marginally lower than that of co-segregating wild-type plants (Table I ). The largest difference (3%) was in the transgenic line with the lowest starch content.
Embryo-Specific Loss of GWD1 Does Not Affect the Lipid Content of Mature Seeds
To observe the effect of an embryo-specific reduction in starch turnover, we studied individual embryos on maternal plants heterozygous for a null allele of the et al., 2010c) . These data suggest strongly that starch turnover is reduced specifically in embryos homozygous for the sex1-3 mutation.
To determine the effect of genotype on lipid content, radicles from individual embryos from mature seeds on selfed SEX1/sex1-3 plants were genotyped, then the remainder of each embryo was used for fatty acid methyl ester (FAME) analysis.
There was no statistically significant difference in FAME content between sex1-3 embryos and their wild-type siblings from SEX1/sex1-3 maternal plants, and between these embryos and those from wild-type plants (Fig. 2D) . The FAME content of embryos from sex1-3 plants was about 40% lower than that of embryos from wild-type plants ( Fig. 2D ; Andriotis et al., 2010c) .
Mutant Embryos from Mutant Parents Show Reduced Seedling Growth, but
Mutant Embryos from Phenotypically Wild-Type Parents Do Not
As a further check for the influence of parental phenotype on composition of sex1 seed, we examined seedling growth. Early post-germinative growth in Arabidopsis 9 depends on mobilization of the oil reserves of the seed (Graham, 2008; Theodoulou and Eastmond, 2012) . Seedlings of mutants with specific defects in the synthesis of seed storage lipids or in their post-germinative mobilization show reduced growth and reduced frequency of establishment (Hayashi et al., 1998; Routaboul et al., 1999; Zou et al., 1999; Eastmond et al, 2000; Cernac et al., 2006; Eastmond, 2006; Kelly et al., 2011) . This effect is accentuated in the dark. Using seeds developed on mutant plants, we found that in the absence of exogenous sucrose, sex1-3 and pgm1-1 hypocotyls were significantly shorter than those of wild-type seedlings (Fig. 3A) .
This difference was abolished by the addition of sucrose. Growth of wild-type hypocotyls was largely unaffected by sucrose, whereas growth of sex1-3 and pgm1-1 hypocotyls was accelerated, and was similar to that of wild-type seedlings. These effects are consistent with the significant reduction in seed lipid content caused by the sex1-3 ( Fig. 2D ; Andriotis et al., 2010c) and pgm1-1 (Periappuram et al., 2000) mutations.
The experiment was repeated in the absence of exogenous sucrose with individually genotyped seedlings grown from seeds of selfed SEX1/sex1-3 plants.
Regardless of genotype, hypocotyls of these seedlings were the same length as those of wild-type seedlings and longer than those of sex1 seedlings grown from seeds of sex1 plants (Fig. 3B ). Thus hypocotyl growth was related to seed oil content rather than to genotype.
sex1 Mutants Have Reduced Silique Elongation
Given that the presence of the sex1 mutation in the maternal plant affects seed composition, we investigated whether inflorescence and fruit growth are also affected. When grown in a controlled environment with 12-h light, 12-h dark, sex1 plants had more compact inflorescences, fewer, smaller flowers and shorter siliques than wild-type plants (Fig. 4, A To investigate differences in elongation patterns, silique length was measured at the end of the day and the end of the night. Wild-type siliques elongated during both the day and the night. They exhibited a progressive decline in relative growth rate up to 4 DAF when elongation stopped. In marked contrast, sex1 siliques elongated very rapidly during the day, but exhibited almost no growth at night (Fig. 4) .
sex1 Mutants Exhibit Symptoms of Starvation in the Inflorescence and Siliques at Night
To discover whether the lack of starch degradation in sex1 leaves at night affects carbohydrate availability in the inflorescence, we first made use of a "starvation- At the end of the night the apices of inflorescences and three-day old siliques showed strong bioluminescence in the sex1 reporter line, but not in the parental reporter line (Fig. 5 , B and C). The reporter line cannot be used for study of starvation in older siliques because basal transcript levels of At1g10070 and several other sugar-repressed genes (Graf et al., 2010; see also Thimm et al., 2004; Bläsing et al., 2005; Osuna et al., 2007; Usadel et al., 2008) increase during wild-type fruit maturation (Supplemental Fig. S7 ). Therefore, to discover whether older (12 DAF) sex1 siliques also experience starvation during the night, we measured At1g10070
transcript levels by quantitative real-time (qRT) PCR on RNA from wild-type and sex1 siliques during the night. At1g10070 transcript abundance was similar in wildtype and sex1 siliques at the end of the day and remained almost constant during the night in wild-type siliques. However, transcript levels rose sharply in sex1 siliques after four hours in the dark such that by dawn they were much higher than in the wild-type (Fig. 5E ). We obtained similar results for a further sugar-repressed gene, At3g59940 (Supplemental Fig. S7 ).
Direct measurements of carbohydrate status revealed that sugar levels were comparable in wild-type and sex1 siliques at the end of the day, but much lower in sex1 siliques by the end of the night. In two independent experiments, levels of Suc at the end of the day differed by less than 50% between wild-type and sex1 siliques at 12 DAF. Levels in wild-type siliques fell by about 25% in the first two h of darkness, then remained almost constant. In contrast, levels in sex1 siliques declined exponentially during the night to very low levels by dawn. At this point, Suc levels in wild-type siliques were nearly 14 times greater than those in sex1 siliques ( siliques than the wild type. They declined during the night such that by dawn levels were lower in sex1 than in wild-type siliques.
WRI1 expression is reduced in siliques of sex1 plants during the night
The transcription factor WRINKLED1 (WRI1) has been implicated in the control of lipid accumulation in developing Arabidopsis embryos (Focks and Benning, 1998; Cernac and Benning, 2004; Masaki et al., 2005) . wri1 seeds have greatly reduced lipid content, altered carbohydrate metabolism, and reduced gene expression and activity of several enzymes of glycolysis and fatty acid biosynthesis (Focks and Benning, 1998; Ruuska et al., 2002; Baud and Graham, 2006) . We measured transcript abundance of WRI1 and several of its target genes in siliques at 12 DAF, the developmental point at which expression of WRI1 peaks (Baud et al., 2007a) and embryos enter the phase of lipid accumulation (Baud et al., 2002; Hills, 2004; Andriotis et al., 2010a) . WRI1 transcript levels were similar in wild-type and sex1 siliques at the end of the day (Fig. 7) . However, at the end of the night WRI1 1 2 transcript abundance in sex1 siliques was only half of that in wild-type siliques.
Transcript levels for enzymes of fatty acid synthesis (BCCP2 and KAS1, a subunit of the heteromeric acetyl-CoA carboxylase and ketoacyl-ACP synthase 1 respectively) and glycolysis [PKp-α, PKp-β1 and ENO1, the α and β subunit of plastidial pyruvate kinase and the plastidial enolase respectively (Andre et al., 2007; Baud et al., 2007b; Andriotis et al., 2010a) ] were the same in sex1 and wild-type siliques at the end of the day, and decreased during the night in sex1 but not in wildtype siliques (Fig. 7) . Expression of BCCP2, KAS1 and PKp-β1 genes is directly activated by WRI1 (Maeo et al., 2009 ).
Embryo Maturation is Delayed in sex1 Mutant Plants
We established a developmental baseline with developing seeds from wild-type plants ( Early development of embryos on sex1 mutant plants was identical to that on wildtype plants; embryos reached the heart stage by six DAF (Fig. 8 ). However, after six DAF they progressed more slowly than the wild-type. At eight DAF, when most of the wild-type embryos were at the walking-stick stage, sex1 embryos were at the preceding torpedo stage of development. By the time wild-type embryos had completed development, sex1 embryos were still at the cotyledon stage of development (12 and 14 DAF, Fig. 8 ).
Mutant Plants Defective in Stem Phloem Transport Have Reduced Seed Lipid
Content
To provide independent information about the relationship between availability of carbohydrate at night and seed lipid content, we examined seed lipid in gsl7 mutant plants in which carbohydrate supply to the inflorescence is restricted by impaired phloem transport rather than by defects in maternal starch metabolism. The gsl7 1 3 mutant lacks GLUCAN SYNTHASE-LIKE 7, an isoform of callose synthase that catalyzes the synthesis of the callose lining of phloem sieve plate pores (Barratt et al., 2011; Xie et al., 2011) . The absence of the lining in the gsl7 mutant largely prevents the export of assimilates from leaves to inflorescences, which are smaller and contain less starch and sugars than those of wild-type plants. The most pronounced differences in carbohydrates are at night, and starvation reporter genes are activated at the end of the night in gsl7 inflorescences (Barratt et al., 2011) . We reasoned that if the reduced lipid contents of sex1 and pgm1 mutant seeds were due to limited carbohydrate supply at night, seeds of the gsl7 mutant should also have a reduced lipid content. Indeed, mature seeds contained 9% less lipid than those of cosegregating wild-type plants grown at the same time in the same conditions (Table   I) .
DISCUSSION pgm1 and sex1 Mutations Alter Seed Lipid Content via a Maternal Effect
To evaluate the importance of embryo starch metabolism in determining the final lipid content of the seed, we compared embryos defective in PGM1 or GWD1 that had developed either on phenotypically wild-type plants, or on mutant plants lacking PGM1 or GWD1. We found that embryos defective in either enzyme have defects in starch turnover, regardless of parental phenotype. Loss or reduction of PGM1 in the embryo leads to loss of at least 85% of the wild-type starch content at 12 DAF. Loss of GWD1 leads to reduced starch turnover in the embryo ( Fig. 2 Consistent with this, we found that transcript levels of direct targets of WRI1, PKp-β , BCCP2, KAS1 and of other genes encoding glycolytic enzymes are reduced during the night in sex1 but not in wild-type siliques (Fig. 7) . WRI1 is specifically expressed in the embryo and endosperm but not the seed coat and the silique walls reflect its expression in embryos. Second, the phenotype of the gsl7 mutant strongly supports the idea that reduced carbohydrate supply at night can lead to reduced lipid accumulation in the embryo (Table I) . In this mutant, limited carbohydrate availability in the reproductive structures at night due to defective phloem transport is associated with symptoms of starvation and with a low lipid content of the mature seed. There was no significant increase in sugar or starch contents of siliques through the day, implying that photosynthate was used immediately for seed filling rather than to build up a reserve for use at night (King et al., 1997) . Recent work reports a strong correlation between seed oil content and the starch content of the silique wall in oilseed rape (Hua et al., 2012) . This observation is consistent with the idea that the availability of reserves for seed filling during the night can influence seed composition, but the authors did not investigate whether the silique starch was mobilized at night.
Implications of
Previous work has established the importance of light intensity during the day in determining the final lipid content of Arabidopsis and oilseed rape seeds (Li et al., 2006) . Our results suggest that the supply of carbon to the seed at night can also have a major impact on lipid content. We suggest that better understanding of daily patterns of carbohydrate availability during oilseed filling will provide important new information about the determination of seed lipid content.
MATERIALS AND METHODS
Plant Material and Growth Conditions
Mutant and transgenic plants were in the Col-0 wild-type background. was amplified from B. napus cDNA with primers SS1A and SS1B (Supplemental Table S1 ) and was used to create two plasmids. Plasmid pGreenSS0 contained the fragment in the reverse orientation downstream of the P oleosin in vector pGreen0029.
For plasmid pGreenSS1, the CaMV 35S terminator sequence from vector pJIT117 For the generation of P oleosin ::uidA reporter lines, the expression cassette from vector SLJOP was excised with BglII and PstI and introduced into vector pGreen0029. This plasmid was used to transform Arabidopsis plants as above.
For transfer of the starvation reporter construct pAt1g10700 1100 :LUC (Graf et al., 2010) into the sex1-3 background, F2 seed from a cross between sex1-3 and a plant expressing pAt1g10700 1100 :LUC were sown on medium containing glufosinate.
Resistant seedlings were transferred to soil, screened for starch-excess and bioluminescence phenotypes, and used to establish homozygous lines. For bioluminescence screening plants were treated with luciferin according to Graf et al.
(2010).
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Identification of the sex1-3 Mutant Allele
Genomic DNA was extracted with the DNeasy Plant Mini Kit (Qiagen; www.qiagen.com) or the Extract-N-Amp ™ Plant PCR Kit (Sigma-Aldrich;
www.sigmaaldrich.com) and screened by PCR using primers SEX1-14 and SEX1-15 (Supplemental Table S1 ), as described by Andriotis et al. (2010a) .
RNA Preparation, Reverse Transcription and qRT-PCR
Preparation of total RNA from siliques and first strand cDNA synthesis were as described by Andriotis et al. (2010b) . qRT-PCR analysis was performed with a CFX96 Touch™ cycler (Bio-Rad; www.bio-rad.com) in reactions containing LightCycler ® 480 SYBR Green I (Roche; www.roche-applied-science.com).
Cycling conditions were according to Barratt et al. (2011) . Primers are listed in Supplemental Table S1 .
Hypocotyl and Silique Measurements
For hypocotyl measurements seeds were germinated on half-strength MS agar 
Enzyme assays
For assays of β-glucuronidase (GUS), developing embryos of P oleosin ::uidA plants were rapidly dissected and homogenized in 50 mM NaPO 4 (pH 7), 10 mM β -mercaptoethanol, 10 mM EDTA, 0.1% (v : v) sodium lauryl sarcosine, 0.1% Triton X-100 (v : v) and protease inhibitors (plant cocktail, Sigma-Aldrich) on ice then centrifuged at 15,000g at 4 o C for 30 min. Assays were according to Bevan et al. (1989) and the histochemical detection of GUS activity in developing embryos was according to Andriotis et al. (2010b) .
2 0 PGM and PGI activity measurements were on leaves were harvested 8 h into the light period from three-week-old rosettes, and on developing embryos at 10-12 DAF. Extracts were prepared according to Andriotis and Rathjen (2006) . Soluble proteins were subjected to non-denaturing PAGE on gels containing 1% (w/v) potato starch, and stained for activity according to Vriet et al. (2010) .
Metabolite analysis
Starch was assayed according to Smith and Zeeman (2006) . Soluble sugars in developing siliques were measured on samples each of five siliques pooled from five plants, according to Critchley et al. (2001) . FAME analysis of individual embryos was done on cotyledon tissue remaining after genotyping, according to Larson and Graham (2001) . Most of the lipid accumulation in embryos is in the cotyledons rather than the axis (Li et al., 2006) . Lipid content of mature seeds was assayed by NMR (Hobbs et al., 2004) .
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